Chiral interaction in capillary electrophoresis can be modeled using pK values, mobilities of analytes, and their formation constants with the chiral selector. An existing steady-state simulation program for CE (HPCESIM) was recently extended with a chiral submenu involving the chiral parameters listed above. These were experimentally determined in both our laboratories for mandelic acid and terbutaline using hydroxypropylated B-cyclodextrin as chiral selector. A comparison was made between both sets of parameters and between experimental electropherograms and those obtained from simulation. Error analysis of the results indicate the sensitivity of the obtained results.
Introduction
Chiral separation has proven to be a useful tool for the separation of optical isomers, especially with application to chiral drugs [l-31 . The main advantage of CE over HPLC is the ease of method development. This method development is mainly based upon theoretical models describing the mobility of optical isomers as a function of several physical and chemical parameters, such as the pH of the background electrolyte (BGE), the concentration of the chiral selector in the BGE, and the equilibrium constant of complex formation between the chiral selector and both optical isomers. Unfortunately, it is still difficult to predict optimum separation conditions, since hardly any data is available about the magnitude of the formation constants. Using recently developed training software for chiral separation in CE [4] , it is possible to simulate the separation of both acidic and basic optical isomers. Although this software is mainly intended for training purposes, in cases where sufficient data is available about the analyte-selector equilibria, the program is also suitable for method development of chiral separations in CE. In the current study, we selected an acidic and a basic compound and we experimentally determined all parameters which are relevant for complex formation: pK, values, mobilities of the solutes, and their formation constants with the chiral selector. Two cyclodextrins were chosen in order to distinguish the three different mechanisms of selective complex formation, as proposed by Rawjee et al. [S, 61.
Experimental results were compared with computer simulations using the experimentally determined chiral parameters listed above.
in Eindhoven and PlACE 2100 in Vienna. For the experiments performed in Eindhoven, uncoated fused-silica capillaries were used with 50 pm ID, an effective length of 41 cm, and a total length of 48 cm. The dimensions of the capillary used in Vienna were 37 cm total length, 30 cm effective length and 100 pm ID. The capillary cartridges were always thermostated at 25.0"C. A constant voltage varying between 10 and 30 kV was applied. The resulting current was always lower than 50 WA.
Methods
B-Cyclodextrin (B-CD) used in Eindhoven was obtained from Fluka (Buchs, Switzerland). Hydroxypropyl p-CD (HP-P-CD; used in both laboratories) was obtained from Cyclolab (Budapest, Hungary). The degree of hydroxypropyl substitution was 6.5. Terbutaline was obtained from Sigma (St. Louis, MO, USA). Racemic mandelic acid and the pure optical isomers of mandelic acid were obtained from Fluka. All chemicals were of analytical grade. All solutions were prepared in demineralized water. For the determination of the pK, of mandelic acid, BGEs were used with a pH between 2.54 and 3.22. These BGEs were prepared by adjusting the pH of a 10 mM NaOH solution with formic acid. Similarly, BGEs for the determination of the pK, of terbutaline were prepared by adjusting the pH of a 10 mM HCl solution with Tris(hydroxymethy1amino)methane (Tris) up to pH values between 8.22 and 8.96. To determine the formation constants of the dissociated mandelic acid, the protonated terbutaline and the nondissociated forms of these analytes, 10 mM Na'lformate, pH 2.98, and 10 mM CI-/Tris, pH 8.70, were used. p-CD was dissolved in these BGEs at concentrations of 2.5, 5, 10, and 15 mM. HP-P-CD was used at concentrations of 5, 10, 20, and 40 mM. Prior to use, these solutions were filtered with disposable 0.45 pm pore size filters.
Results and discussion
3.1 Determination of the pK, and mobility of mandelic acid and terbutaline
In order to determine the pK, of mandelic acid and terbutaline, the effective mobility, pew of these analytes was determined as a function of the pH of the BGE. In Eiridhoven, mobilities were determined by the dual- Fig. 1 and Table 1 .
The differences in the pK, values, obtained in the two laboratories, are smaller than 1 %. The difference between our experimentally obtained data and the data found in literature is substantial, especially for mandelic acid (2.93 versus 3.34). Literature values, however, are extrapolated to an ionic strength of I = 0 mM, whereas our pK values were determined at I = 10 mM. Obviously, the use of the literature value of the pK, of mandelic acid would have introduced a major mistake in the determination of the formation constant of nonionic mandelic acid with cyclodextrins. This stresses the importance of determining the pK,s, using identical experimental conditions (temperature, ionic strength) as those applied for the determination of the formation constants.
Determination of formation constants
Formation constants for terbutaline and mandelic acid were determined using native B-CD as well as HP-B-CD. Initial experiments pointed out that only the modified cyclodextrin was able to resolve the optical isomers of both racemic analytes whereas native 6-CD showed only enantioselectivity towards the terbutaline enantiomers. For this reason, only HP-B-CD was used in both laboratories, while the determination of formation constants using 6-CD was only performed in Eindhoven. In order to determine the formation constants of nonionic interaction (K,) and ionic interaction (KJ, the effective mobilities of terbutaline and mandelic acid enantiomers were determined at different CD concentration levels, using a high and a low pH BGE. For the determination of K2 of terbutaline, a 10 mM sodium/formate buffer of pH 2.98 was applied. For the determination of K2 of mandelic acid, a 10 mM hydrochloric acid/Tris buffer, pH 8.70, was used. Under these experimental conditions, mandelic acid and terbutaline could be regarded as a strong acid and base, respectively. The same BGEs could be used for the determination of the K, values of both racemic analytes, since the pH values of these buffers are close to the pK, values of mandelic acid (pK, = 2.93) and terbutaline (pK, = 8.68). Consequently, at these pH values, both ionic and nonionic interaction occur. The K, values could be determined by plotting the ratio of the mobility difference and the concentration of chiral selector versus the effective mobility according to Eq. (2) [8] . This equation is only valid for strong acids and bases. Using the specified experimental conditions (mandelic acid at pH 8.70 and terbutaline at pH 2.98) the separands are treated as such.
where pC and pf are the mobilities of the analyte-CD complex, and of the free enantiomer (equal to P, for strong ions), respectively and C, is the CD concentration. This equation is derived from the simple model of Wren and Rowe [9] which describes the mobility of enantiomers as a function of the CD concentration and formation constant. It is assumed that the analytical CD concentration is practically the same as the concentration of the CD-buffer complexes. Figures 2A and B show the resulting graphs for mandelic acid and terbutaline, respectively, using two different CDs: native 0-CD and HP-P-CD. The K2 values of both analytes could be determined from the slope of the linear regression line (Tables 1 and 2) . Table 1 presents the data relevant for the determination of the formation constants using native B-CD, whereas Table 2 presents these data for HP-b-CD. Kl and K2, listed in these tables, are average values for both enantiomers. RM and AK are defined as follows:
For weak acids:
For weak bases: Figure 3A shows the left-hand side of Eq. (3) plotted versus C,, so that the slope equals K,[H,O']/K,, resulting in the nonionic complex formation constants for mandelic acid enantiomers using the two different CDs. Analogously, K, values for terbutaline could be determined by plotting the left-hand side of Eq. (4) versus CD concentration. This is shown in Fig. 3B for both CDs. All forthcoming results are listed in Table 1 and 2. All parameters determined experimentally were obtained from linearized graphs. Error analysis of the scatter of these graphs readily yielded standard deviations of both slope and intercept, resulting in standard deviations of mobilities and K values. These are tabulated along with their average values. The number of determinations used in the regression analyses were 8-12 for the pK, determination and 6-8 for the determination of the formation constants.
Several observations regarding lab-to-lab differences can be made. In view of calibrating the pH meter with pH references, an error of 0.02 is a fair estimate. This corresponds to the error in the pK, or pK, thus determined. In the determination of the K2 values using Eq. (2), the error in C, is neglected. Small differences in effective [ll] . HP-B-CD was the more efficient selector. It allowed the separation of the enantiomers of both mandelic acid and terbutaline. The enantiomers of mandelic acid could be separated at low pH, but not at high pH, indicating that the nondissociated acid interacts stereoselectively with the modified CD. This kind of separation is referred to as a Type I separation [S, 61 or desionoselective separation [ 111. Chiral interaction, resulting in optical resolution, between the enantiomers of terbutaline and HP-P-CD was observed at both low and high pH. Both the nonionic as well as the protonated terbutaline interact stereoselectively with the chiral selector. This kind of separation is referred to as a Type I11 separation [5, 61 or duoselective separation [ll] . Biggin et al. [ll] recently showed the experimental evidence for the existence of duoselective enantiomer separations of weak acids. The migration order of the enantiomers was determined by spiking the racemic sample with pure standards. The L(+)-isomer of mandelic acid migrated slower than the D(-), and therefore KLI>KD,. This confirms earlier experiments of Nardi et al. [12] . Fanali [13] showed that (+)-terbutaline has the highest afinity towards the CD cavity. This was verified for native fl-CD, heptakis(2,6-di-0-methyl)-P-CD and heptakis(2,3,6-tri-0-methyl)-p-CD using a BGE at low pH (pH 2.5).
Using the experimentally obtained parameters presented in Table 2 , we simulated the chiral separation of man-delic acid and terbutaline enantiomers, using HP-fi-CD at a concentration of 40 mM, using the low pH BGE. This was carried out using the steady-state simulation program for CE [14, 151, recently extended with a submenu for chiral interactions [4] . The simulations using the parameters obtained in Eindhoven are shown in Fig.  4A , the simulation using parameters obtained in Vienna are shown in Fig. 4B , and the actual separations (performed in Eindhoven) are shown in Fig. 4C . Reasonable coincidence is found between both simulated electropherograms and the experimentally obtained electropherograms. The selectivities calculated using the "Vienna" simulation match the selectivity of terbutaline enantiomers in Fig. 4C (0.077 vs. 0.073) , whereas the selectivity for mandelic acid enantiomers is overestimated (0.082 vs. 0.039). The "Eindhoven" simulation exactly matches the experimentally obtained selectivity for mandelic acid enantiomers (0.039). This simulation, however, overestimated the selectivity for terbutaline enantiomers (0.104 vs. 0.073). The simulated efficiencies are overestimated in all cases, resulting in much higher resolutions than those calculated from Fig. 4C . A possible explanation for these high efficiencies can be an incorrect modeling of the "stacking" process by the simulation algorithm, occurring after the injection of the sample.
Concluding remarks
In conclusion, the accuracy and precision of the determination of chiral complex equilibrium constants in CE are limited. This is especially so in the case of the relatively small K values in the examples chosen, because calculations are based on determinations of very small mobility differences. In addition, small errors in pK,, 
